We explore right-handed sneutrino-antisneutrino mixing in a TeV scale B − L extension of the Minimal Supersymmetric Standard Model (MSSM), (B − L)SSM, where a type I seesaw mechanism of light neutrino mass generation is naturally implemented. The constraints imposed on the mass splitting between heavy right-handed sneutrino and the corresponding antisneutrino by the experimental limits set on the light neutrino masses are investigated. We also study direct pair production of such right-handed sneutrinos at the Large Hadron Collider (LHC) and its decay modes, emphasising that their decay into same-sign di-lepton pairs are salient features for probing these particles at the CERN machine. Finally, the charge asymmetry present in such same-sign di-lepton signals is also analysed and confirms itself as a further useful handle to extract information about the oscillation dynamics.
(Dated: May 5, 2014) We explore right-handed sneutrino-antisneutrino mixing in a TeV scale B − L extension of the Minimal Supersymmetric Standard Model (MSSM), (B − L)SSM, where a type I seesaw mechanism of light neutrino mass generation is naturally implemented. The constraints imposed on the mass splitting between heavy right-handed sneutrino and the corresponding antisneutrino by the experimental limits set on the light neutrino masses are investigated. We also study direct pair production of such right-handed sneutrinos at the Large Hadron Collider (LHC) and its decay modes, emphasising that their decay into same-sign di-lepton pairs are salient features for probing these particles at the CERN machine. Finally, the charge asymmetry present in such same-sign di-lepton signals is also analysed and confirms itself as a further useful handle to extract information about the oscillation dynamics. most importantly for our study, ν's. In the case of the hadronic states, the associated measurements provided important insights into the structure of Electro-Weak (EW) interactions, in particular, their Charge and Parity (CP) dynamics, confirming that CP-violation indeed occurs in Nature. In the case of neutrinos, proof that they oscillate translates into the fact that they have non-zero masses. Hence, no matter where such the oscillation phenomenon appears, it has always lead to clear advances in the understanding of the fundamental interactions governing the behaviour of fields and particles. Conversely, from a theoretical point of view, we know that the Standard Model (SM), whereas it can account for oscillations in the aforementioned hadronic systems, cannot explain neutrino masses, as the latter are, by construction, absent in it. Hence, some Beyond the SM (BSM) physics ought to be invoked to accommodate neutrino oscillations. Further, if one recalls the so-called hierarchy problem of the SM, its inability to provide a candidate for Dark Matter (DM), its failure to explain the matter-antimatter asymmetry in the Universe and the lack of gauge coupling unification at any scale in it, a natural way forward in the quest to formulate a viable BSM scenario is to adopt Supersymmetry (SUSY), which can remedy at once all such flaws. In fact, SUSY can also easily co-exists with constraints emerging from the hadronic and leptonic sectors, when it comes to incorporate oscillation phenomena.
The simplest realisation of SUSY is the Minimal Supersymmetric Standard Model (MSSM), whereby the gauge structure of the SM is maintained and the matter spectrum is limited to the most economical structure able to ensure anomaly cancellations, which corresponds to the adoption of an additional Higgs doublet field (with respect to the SM) and the Supersymmetrisation of all ensuing Higgs/gauge boson and fermion fields into the Higgsinos/gauginos and sfermions. The MSSM is therefore rather predictive amongst the many possible SUSY realisations, in so far that the number of independent parameters defining it (whether it be in a constrained or unconstrained version) is always the smallest with respect to those of its SUSY alternatives. However, this feature also renders it very testable from an experimental point of view. From this perspective, it is now widely acknowledged that Large Hadron Collider (LHC) data have reduced considerably the viable parameter space of the MSSM, in both its constrained and unconstrained formulation, and/or confined it to rather unnatural spectrum configurations (of masses and couplings). On the one hand, the very recent observation of a SM-like Higgs boson constrains significantly the spectrum of the MSSM Higgs sector, namely, tan β (the ratio of the Vacuum Expectation Values (VEVs) of the two aforementioned Higgs doublet fields) and the mass of one of the Higgs bosons (there are five in the MSSM, three neutral and a pair of charged ones) directly as well as the mass of the squarks (the SUSY counterparts of the SM quarks) indirectly. On the other hand, no observation whatsoever of the aforementioned Higgsinos, gauginos and sparticles at the mass scale preferred by the MSSM to achieve gauge coupling unification (i.e., of order 1 TeV or so) affirms the possibility that the SUSY sparticle sector is richer than the one of the MSSM.
In the light of all this, it has therefore become of extreme relevance to explore non-minimal realisations of SUSY, better compatible with current data than the MSSM yet similarly predictive. Owing to the established presence of non-zero neutrino masses, a well motivated path to follow in this direction is to consider the B − L Supersymmetric Standard Model, henceforth (B − L)SSM for short. Herein, (heavy) right-handed neutrino Superfields are introduced in order to implement a type I seesaw mechanism, which provides an elegant solution for the existence and smallness of the (light) left-handed neutrino masses. Right-handed neutrinos can be naturally implemented in the (B − L)SSM, which is based on the gauge group
In this model, it has been shown that the scale of B − L symmetry breaking is related to the SUSY breaking scale [1] , so that this SUSY realisation predicts several testable signals at the LHC, not only in the sparticle domain but also in the Z ′ (a Z ′ boson in fact emerges from the U (1) B−L breaking), Higgs (an additional singlet state is economically introduced here, breaking the U (1) B−L group) and (s)neutrino sectors [2] [3] [4] . Furthermore, other than assuring its testability at the LHC, in fact in a richer form than the MSSM, the (B − L)SSM also alleviates the so-called 'little' hierarchy problem of the MSSM, as both the additional singlet Higgs state and right-handed (s)neutrinos [5] [6] [7] release additional parameter space from the LEP, Tevatron and LHC bounds. A DM candidate plausibly different from the MSSM one exists as well [8] . Finally, interesting results on the ability of the (B − L)SSM to emulate the Higgs boson signals isolated at the LHC are also emerging [9] . Now, if the heavy (anti)neutrinos are of the Majorana type, as it is the case for the (B − L)SSM, it is expected that their SUSY partners, i.e., the (anti)sneutrinos, oscillate analogously to the physics systems recalled before. That is, sneutrino-antisneutrino mixing occurs and the ∆L = 2 Majorana neutrino mass terms governing such a dynamics can induce a mass splitting (∆mν ) between the physical states. The effect of this mass splitting is to induce sneutrino-antisneutrino oscillations [10, 11] . This can in turn lead to a sneutrino decaying into a final state with a "wrong-sign charged lepton". If such sneutrino-antisneutrino system is produced via pairs at the LHC, the ultimate result is that same-sign di-lepton pairs are eventually induced at the LHC, that can then be studied to reveal such an oscillation. In fact, the charge asymmetry of such same-sign di-lepton signals produced by right-handed sneutrino-antisneutrino oscillations can also be analysed at the CERN machine, providing further insights into such a phenomenon.
Much of this phenomenology has been tackled already in the MSSM, see Ref. [12, 13] (see also [14] for the Rparity violating case). It is the purpose of this paper, motivated by the previous discussion about the drawbacks of the MSSM, to re-address the analysis to the case of the (B − L)SSM. The paper is organised as follows. In the next section we describe the theoretical setup of the right-handed (anti)sneutrino sector in such a model while Sect. III discusses the experimental constraints on it. Sect. IV will instead present our results for the LHC. Finally, we conclude in Sect. V.
II. THEORY OF RIGHT-HANDED SNEUTRINO-ANTISNEUTRINO MIXING
In this section, we analyse the right-handed sneutrino sector in the (B − L)SSM. As advocated in the introduction, this type of extension implies the existence of three extra Superfields, one per generation, with B − L charge= −1/2, in order to cancel the associated B − L triangle anomaly. These Superfields are identified with the right-handed neutrinos and will be denoted by N i . In addition, in order to break the B − L symmetry at the TeV scale, two Higgs Superfieldsχ 1,2 , with ∓1 B − L charges, are required. In Table I we present the particle contents of the (B − L)SSM as well as the quantum numbers of the chiral Superfields with respect to The (B − L)SSM Superpotential is given by the expression
The relevant soft SUSY breaking terms are given by
where (Y A N ) ij ≡ (Y N A N ) ij is the trilinear associated with the Majorana neutrino Yukawa coupling. Note that, due to the B − L invariance, the bilinear coupling B NÑ cÑ c is not allowed. It may be generated only after the B − L symmetry breaking. The Majorana mass M ′ B−L is generated due to the possible gauge kinetic mixing between the two Abelian groups U (1) Y and U (1) B−L . It is known that this gauge mixing term may be absorbed in the covariant derivative through a redefinition of the gauge fields after an orthogonal transformation [6] , so that
where Q φ is a vector with the U (1) Y and U (1) B−L charges for the field φ and G is the gauge coupling matrix
In this basis, one finds
with the following mixing angle between Z and Z ′ :
It is clear that in the limit ofg → 0, which will be adopted in our analysis, the Z and Z ′ sectors decouple. In this case, the B − L gauge symmetry is radiatively broken, as shown in Ref. [1] . The scalar potential V (χ 1 , χ 2 ) is given by
where
The stability of the potential (boundedness from below) implies
Also, to avoid a vanishing minimum of the scalar potential, the following constraint is required
At the TeV scale these conditions can be satisfied simultaneously, thanks to the running of the scalar masses m 2 χ1 and m 2 χ2 starting from the Grand Unification Theory (GUT) scale. The minimisation of V (χ 1 , χ 2 ) at the TeV scale leads to the following conditions:
sin 2β ′ = 2µ
TeV (as dictated by experimental constraints), the minimisation condition (13) can be used to determine the SUSY parameter µ ′ 2 , up to a sign. One finds
We now consider the neutrino/sneutrino sector. After the TeV scale B −L breaking, the neutrino mass matrix is given by
The neutrino masses, obtained by the diagonalization of such a mass matrix, are given by
Therefore, if M N ∼ O(1) TeV, the light neutrinos ν ℓ mass can be of order one eV if the Yukawa coupling Y ν is of order 10 −6 . This small coupling is of order the electron Yukawa coupling, so it is not quite unnatural. With a TeV scale right-handed sneutrino, the sneutrino mass matrix, for one generation in the basis (ν L ,ν where
Recalling that the soft SUSY breaking masses, M Z ′ , A-terms, µ 
) is the average of heavy right-handed sneutrino squared-mass, which is given by
While ∆m 2 νR is the mass-splitting in the heavy right-handed sneutrinos, which is given by
The mass splitting and mixing between the right-handed sneutrinoν R and right-antisneutrinoν * R are a result of a ∆L = 2 lepton number violation, as intimated. Therefore, it is natural that the mass splitting between the right-handed (anti)sneutrinos is given in terms of the right-neutrino mass M N , which represents the magnitude of lepton number violation. This should be compared with any mass splitting between left-(anti)sneutrinos, which is typically characterised by the size of the neutrino masses. As a consequence,ν R andν * R are no longer the mass eigenstates. The latter are given instead bỹ
Here, we assumed that the SUSY parameters A N and µ ′ are real. Theν R andν * R mixing is an analogue to the mixing in B 0 −B 0 and K 0 −K 0 that are generated by a ∆B = 2 and ∆S = 2 violation, respectively.
III. CONSTRAINTS ON RIGHT-HANDED SNEUTRINO-ANTISNEUTRINO MIXING
In this section we explore possible constraints that may be imposed on the right-handed sneutrino mass splitting. One of such constraints could be due to the neutrinoless double-β decay experimental limit. However, it turns out that right-handed sneutrinos may enter such a process only at the one-loop level, hence their contribution is substantially suppressed. Therefore, no stringent limit on the sneutrino mass splitting can be obtained in this connection. Another interesting possibility is the contribution of right-handed sneutrinos to the one-loop radiative correction onto the light neutrino masses. Such a correction, due to the left-handed sneutrino mass splitting, has been calculated in [11] . In this case, the contribution gives a stringent constraint on the sneutrino mass splitting because the largest correction emerges via a wino-like chargino, which has a non-suppressed coupling to the light neutrinos. Further, we will perform here a similar calculation of the oneloop correction to the light neutrino masses, but this time due to the right-handed sneutrinos. As will be seen, this effect is suppressed and places no constraints on the right-handed sneutrino mass splitting. This is because the chargino in this case is Higgsino-like, hence its has a suppressed Yukawa coupling (Y ν 10 −6 ). The sneutrino mass splitting may generate one loop contribution to the neutrino mass [11] . In general, this induces a stringent constraint on the sneutrino mass splitting. In our (B − L)SSM, the one loop contribution to the neutrino mass is shown in Fig. 1 , where right-handed sneutrinos and neutral Higgsinos are running in the loop. The calculation of this diagram leads to
and U jH is the neutralino mixing matrix element which projects the neutralino onto the HiggsinoH 2 . The loop function f (x, y) is given by
In the limit m ν , ∆mν R ≪ mν R , the definition of this loop function goes into that of Ref. [11] . The common feature of both of the two functions is that their values does not go more than 1. As can be seen from eq. (26), the right-handed sneutrino loop contribution to the neutrino mass is suppressed by the small Yukawa coupling, Y ν < ∼ 10 −6 . Assuming that the neutrino mass,
ν , is of order O(10 −9 ), to satisfy experimental limits. Thus, m
(1) ν ≪ 10 −9 GeV, which implies that |Y ν | 2 ∆mν R ≪ 10 −9 . This bound can easily be satisfied for any value of ∆mν R ∼ O(10 3 ) GeV, since Y 2 ν ≪ 10 −12 . Therefore, one can conclude that in the (B − L)SSM the light neutrino mass cannot impose any constraint on the righthanded sneutrino mass splitting. Accordingly, xν R = ∆mν R /Γν R , where Γν R is the average decay rate ofν R and ∆mν R = ∆m 2 νR /2mν R can be quite large. This implies enough time for right-handed (anti)sneutrino oscillation, that can be probed by the final state lepton charge. The oscillation of right-handed sneutrinos into right-antisneutrinos is described by [15] Pν R →ν *
Thus, for xν R ≫ 1, the right-handed sneutrino-antisneutrino oscillation probability is ≃ 1/2.
IV. LHC RESULTS
In this section we study the production and decay of right-handed sneutrinos produced in pairs at the LHC. Also, we will explore the charge asymmetry of the emerging same-sign di-lepton final state. From the (B−L)SSM Lagrangian, one can show that the relevant interactions for the right-handed sneutrino decay are given by
Here, we assume that the charged leptons are in their physical basis. The rotational matrices Γ LL and Γ νR are defined as Γ L ≡ (Γ LL , Γ LR ) and Γ ν ≡ (Γ νL , Γ νR ). Further, the neutralino mass matrix is diagonalised by a 4 × 4 rotation matrix N and the chargino mass matrix is diagonalised by two rotation matrices U, V . From this equation, it can be easily seen that if the lightest right-handed sneutrino is heavier than the lightest slepton, then the former can decay into the latter and a charged Higgs boson, which in turn decay into SM particles.
Since the coupling right-handed sneutrino-slepton-charged Higgs boson is proportional to M N , the associated decay rate may not be suppressed. Accordingly, in this case, the right-handed sneutrino is no longer a long-lived particle and one should look for a final state with a same-sign di-lepton pair, missing (transverse) energy (E miss T ) and jets, as shown in Fig. 2 . It is important to note that both physical right-handed sneutrinosν 1,2 may decay to H +l− or H −l+ with equal probability since, as shown in (25), they are composed of an equal combination ofν R andν * R . In this case, the total cross section of such a same-sign di-lepton (SS for short) signal at the LHC, which is a most striking signature for right-handed sneutrino-antisneutrino oscillation, is given by
+ jets). (29)
The scattering Matrix Element (ME), averaged/summed over initial/final colours and spins, for sneutrino pair production is given by
where C q = 3 is a colour factor, Y is the modulus squared of the three-momentum of either sneutrino in the final state. (See the last paper in Ref. [3] for the expressions yielding Γ Z ′ .) In Fig. 3 we show the differential cross section of right-handed sneutrino pair production at the LHC with √ s = 14 TeV as CM energy for three choices of M Z ′ , 3, 5 and 6 TeV, and g B−L , 1/2, 5/6, 1, correspondingly, each compliant with the limit from EW Precision Tests (EWPTs), i.e., M Z ′ /g B−L > 6 TeV. The corresponding values of the integrated cross sections are 11, 1 and 0.3 fb, respectively [21] . For reference, we have taken mν R 1 = 0.8 TeV and mν R 2 = 1.2 TeV. The cross sections are therefore observable with standard luminosity.
Note that, if the charged Higgs mass is less than 200 GeV, then its dominant decay channel is H ± → τ ± ν τ and accordingly BR(H ± → τ ± ν τ ) ≃ 1 . However, for m H ± > 200 GeV, the decay channel H ± → tb becomes dominant and one finds that BR(H ± → l ± ν l ) ≃ O(0.1) [17] . Also, if the charged slepton is assumed to be the second lightest SUSY particle and the lightest neutralino is the lightest one, then the BR(l ± → l ±χ0 ) ≃ O(1). In contrast, if the mass of the right-handed sneutrino is smaller than the mass of the slepton, then the only available decay channels for the right-handed sneutrino are:ν R1,2 → l ±χ∓ orν R1,2 → ν Lχ 0 [12] . In the former case, the chargino may decay to W ∓ and the lightest neutralino. Therefore, an opposite-sign di-lepton (OS for short) pair, missing transverse energy and jets, is a possible signal as shown in Fig. 4 . It is worth mentioning that due to the oscillation between the right-handed sneutrino and antisneutrino, which is reflected in the mass difference betweenν R1 andν R2 , it is possible forν R1 to decay to l − whilstν R2 decays to l + . The difference between SS and OS outgoing di-leptons implies what is known as the lepton charge asymmetry, which can be measured at the LHC, providing a smoking gun signal for right-handed sneutrino oscillation. The lepton charge asymmetry is defined as [18] 
where the SS cross section s is obtained as
and the OS cross section is given by Here, we assume that the primary leptons produced in the (anti)sneutrino decays are always distinguishable from those that may emerge from the decays of the charginos. Furthermore, owing to SM background, we note that the OS signal will be seen with more difficulty than the SS one. However, the significant amount of missing energy it presents can be exploited to remove contamination from Z+jet, W + W − +jet events as well as from pure QCD noise (in presence of leptonic decays of hadrons).
Recall that the physical right-handed sneutrino states are defined as
where the mixing angle α depends on the sneutrino and antisneutrino mass difference. Now, for large ∆mν R one obtains α = π 4 . This can be seen also from the fact that α is expressible in terms of the entries of the mass matrix
which correspond to maximal mixing betweenν R andν * R . In these conditions, one has BR(ν R1 → l +χ− ) = BR(ν R2 → l −χ+ ) = O(1) (and charge conjugates). Therefore, the cross sections σ(SS) and σ(OS) are identical. Explicitly, the lepton charge asymmetry A asym can be written as
It is therefore clear that, if there is no oscillation, the lepton charge asymmetry will be given by A asym = −1, while with maximal oscillation the asymmetry is given by A asym = 0. An effective lepton charge asymmetry is commonly introduced to overcome the misleading effect associated to the fact that the maximal mixing condition corresponds the value A asym = 0. This is defined as Therefore, the effective lepton charge asymmetry associated to the decay of right-handed sneutrinos is given by
This result is slightly larger than the charge asymmetry associated with left-handed sneutrinos decays, studied in Ref. [15] . In that scenario, the mass difference between right-handed sneutrino and antisneutrino is quite small, however a small sneutrino decay width (∼ 10 −14 ) was assumed, which implies that xν ∼ O(1) and hence significant oscillation can still take place. Our result of a large effective lepton charge asymmetry gives the hope that the right-handed sneutrino-antisneutrino can be easily probed at the LHC. However, this clearly depends upon the error associated with the asymmetry observables.
For a given luminosity L, such that N SS = Lσ(SS) and N OS = Lσ(OS) are the event rates for the SS and OS final states, the statistical error of the predicted lepton charge asymmetry is obtained as [19] 
In Fig. 5 , such a quantity is presented as a function of the LHC luminosity, at 14 TeV, for our aforementioned choices of M Z ′ and g B−L . As it can be seen, this error is already small enough at 100 fb −1 to enable a statistically significant extraction of A eff and it becomes less that 1% for L ∼ 1000 fb −1 . In fact, note that the corresponding errors for the effective lepton charge asymmetry are given by 1/2 those reported in this figure, . Hence, it is clearly only the high energy and luminosity setup of the CERN machine that will enable one to fully probe sneutrino oscillations.
We should of course mention that our discussion should eventually be subject to validation following detailed phenomenological analyses in particular accounting for background effects, which were not dealt with here, also in presence of the decays of the chargino pair. This is however beyond the scope of this paper that, on the one hand, made the general point that the oscillation phenomenology emerging in the extended SUSY model considered here is just as quantitatively significant as in other SUSY scenarios studied in previous literature and that, on the other hand, implicitly relies upon the fact that successful signal-to-background analyses similar to those carried out in those contexts can be repeated in the present one.
Finally, we should like to mention the possibility that the two right-handed sneutrinos decay into light SM-like neutrinos and lightest neutralinos. This decay channel, if it took place, would be an invisible channel, since both light neutrinos and lightest neutralinos would be escaping the detector. This signal may provide therefore a robust signature for B − L sneutrino oscillations, say, a mono-jet or single photon, essentially free from SM background. However, we leave the pursuit of the consequent phenomenology to a separate publication [20] .
V. SUMMARY AND CONCLUSIONS
In conclusion, we have proven that right-handed sneutrino-antisneutrino oscillations, emerging in the (B − L)SSM in presence of a type I seesaw mechanism of light neutrino mass generation, are testable at the LHC. In fact, after taking into account the constraints imposed on the mass splitting between heavy right-handed sneutrino and the corresponding antisneutrino by the experimental limits set on the light neutrino masses, we have shown that pair production of such right-handed sneutrinos decaying into leptons and charginos generates a cross section which is promptly accessible at 14 TeV and an effective lepton charge asymmetry that can be resolved already after 100 fb −1 of luminosity, both of which offer an efficient means to resolve the aforementioned oscillation phenomenon. Finally, it is worth mentioning that the signature of sneutrino-antisneutrino oscillations can also be obtained from other possible extensions of the MSSM, that lead to ∆L = 2 violation, like the MSSM with R-parity violation or with Higgs triplets or else a SUSY Left-Right model. In this respect, our analysis is quite relevant and it is not limited to the B − L extension of MSSM that we have adopted here.
